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Quantum interferometric generation of polarization entangled photons
Haruka Terashima, Satoshi Kobayashi, Takaho Tsubakiyama, and Kaoru Sanaka
Department of Physics, Tokyo University of Science,
Shinjuku-ku, Tokyo 162-8601, Japan
Quantum interference, like Hong-Ou-Mandel interference, has played an important role to test
fundamental concepts in quantum physics. We experimentally show that the multiple quantum in-
terference effects enable the generation of high-performance polarization entangled photons. These
photons have a high-emission rate, are degenerate, have a broadband distribution, and are postselec-
tion free. A quantum interferometric scheme, based on a round-trip configuration of a double-pass
polarization Sagnac interferometer, makes it possible to use the large generation efficiency of polar-
ization entangled photons in the process of parametric down-conversion and to separate degenerate
photon pairs into different optical modes with no requirement of postselection. We demonstrate
experimentally that multiple quantum interference is not only an interesting fundamental quantum
optical phenomenon but can be used for novel photonic quantum information technologies.
INTRODUCTION
Hong-Ou-Mandel (HOM) interference is typical quan-
tum interference which was originally used to observe the
bosonic nature of photons [1]. HOM and more general-
ized quantum interference still play an important role
in fundamental quantum optics[2]. HOM interference
is also useful for verifying the indistinguishability of in-
dependently generated single photons emitted from re-
mote atomic systems[3–8]. Furthermore, the HOM effect
has potential applications in photonic quantum informa-
tion technologies particularly as a method of creating
entangled photons for quantum cryptography[9], quan-
tum dense coding[10], quantum repeater[11], and quan-
tum teleportation[12]. Theoretically, it is possible to gen-
erate unconditional entangled photons by using HOM
interference effects and huge nonlinear interactions[13]
or effective nonlinear interactions using linear opti-
cal elements[14]. However it has been very difficult
to experimentally achieve the necessary nonlinear in-
teraction at the single-photon level[15, 16]. Instead,
spontaneous parametric down-conversion (SPDC) in a
second-order nonlinear process has been used to di-
rectly produce polarization entangled photon pairs. A
general approach uses a thin β-barium borate (BBO)
bulk crystal with type-II phase matching [17] or sand-
wiched BBO crystals with type-I phase matching to
generate noncollinearly propagating polarization entan-
gled photon pairs [18]. Owing to the development of
quasi-phase matching techniques, the periodically poled
KTiOPO4 (ppKTP) or LiNbO3(ppLN) also has be-
come a standard technique[19]. Several types of en-
tanglement sources have been developed by combining
such nonlinear crystals and interferometric configura-
tions such as Mach-Zehnder[20], Franson[21], and Sagnac
interferometers[22–24].
Among the different interferometric schemes, the
Sagnac interferometer has major advantages because the
symmetric geometry of the setup allows a very phase-
stable condition resulting in the generation of high-
quality polarization entangled photons. In particular,
the scheme with orthogonally polarized photon pairs ob-
tained by type-II SPDC makes it possible to separate
degenerate polarization entangled photon pairs into dif-
ferent optical modes with no postselective detection[23].
The scheme with ordinary type-0 or type-I SPDC re-
quires a nonpolarizing beam splitter to separate degen-
erate photon pairs with a 50% probability of success[22],
wavelength filtering to separate nondegenerate pairs of
photons[24], or spatial mode filtering to separate non-
collinear down-converted photons[25]. In contrast, a
double-pass configuration with type-0 or type-I SPDC
has the major advantages of a simple setup and a high
emission ratio of photon pairs[26]. Bi-directional pump-
ing to a single ppKTP crystal generates polarization-
entangled photons from two sets of parallel polarized pho-
ton pairs on the collinear optical mode. A non-polarizing
beam splitter or color filters are necessary to separate
polarization-entangled photon pairs conditionally.
In this paper, we present a quantum interferometric
scheme to generate polarization entangled photons that
satisfies the properties of both type-0 and type-II SPDC
simultaneously by the integration of interferometric and
double-pass configurations. Our approach uses a multi-
ple reverse process of HOM interference. The multiple
quantum interference effect makes it possible to use the
largest second-order nonlinear coefficient of a nonlinear
crystal to generate polarization entangled photons and
also to separate degenerate photon pairs into different
optical modes with a 100% probability of success in prin-
ciple.
THEORY
The principle of operation of our scheme is shown in
Fig.1. The polarization of the pump beam is represented
by the amplitudes of its horizontal (H) and vertical (V)
components and the relative phase correlation. The laser
is injected into a polarization Sagnac interferometer con-
sisting of a polarizing beam splitter (PBS), two half-wave
2FIG. 1. (Color online) Schematic of integrated double-
pass polarization Sagnac interferometer for (a) clockwise and
(b) counterclockwise directions. The polarizing beam splitter
(PBS) and half-wave plates (HWP1, HWP2) operate for both
wavelengths of the laser beam and the down-converted pho-
tons. A dichroic mirror (DM) separates the pump laser and
down-converted photons. Blue and red characters show the
horizontal (H) or vertical (V) polarization state of the pump
laser and down-converted photons, respectively.
plates set at 45o (HWP1) and 22.5o(HWP2) , a ppKTP
crystal, and mirrors. The polarization optics with the
setup operate for both wavelengths of the pump laser
field and the down-converted photons.
The H-component of the pump laser passes through the
PBS as shown in Fig.1(a) and round trips the setup in the
clockwise direction. The polarization of the pump laser
is inverted into 45o i.e. the superposition state of the H-
and V-polarization states through HWP2. Here we sup-
pose that the V-component of the pump laser generates
the V-polarized photon pairs under type-0 SPDC. These
down-converted photon pairs are inverted to become H-
polarized by HWP1 set at 45o, and injected into the pp-
KTP crystal again with the pump laser beam. The pho-
ton pairs generated by the second SPDC are V-polarized
and superposed with the H-polarized photon pairs gener-
ated by the first SPDC in a collinear optical mode. The
polarization state of the photon pairs after the second
SPDC can be expressed as:
|Ψ1〉 = 1
2
[
(
aˆ†H
)2
+ eiφ
(
aˆ†V
)2
]|0〉, (1)
where aˆ†H and aˆ
†
V are the creation operators for H- and
V-polarized down-converted photons respectively. The
angle of HWP1 setting at 45o results in the generation of
H- and V-polarized photon pairs with same amplitude as
shown by Eq. (1). Here φ is the relative phase between
the photon pairs from the first and second SPDCs, and
|0〉 is the vacuum state. The phase does not vary in time
because it is caused by HWP1’s material dispersion be-
tween the pump laser and the down-converted photons,
and is fully adjustable by tilting HWP1. These operators
are unitarily transformation by HWP2 (set at 22.5o) as
aˆ†H → (aˆ†H+aˆ†V )/
√
2 and aˆ†V → (−aˆ†H+aˆ†V )/
√
2. The po-
larization states of the photon pairs output from HWP2
can be expressed as
|Ψ2〉 = e
iφ
2
2
[cos
φ
2
· {
(
aˆ†H
)2
+
(
aˆ†V
)2
}− 2i sin φ
2
aˆ†H aˆ
†
V ]|0〉.
(2)
When the phase is set at φ = pi by tilting HWP1, the
state |Ψ2〉 becomes aˆ†H aˆ†V |0〉 ≡ |1H , 1V 〉. Under the phase
condition, the whole unitary transformation can be rep-
resented as
1√
2
(|2H〉 − |2V 〉)→ |1H , 1V 〉. (3)
This process is the quantum interference corresponding
to the reverse process of HOM interference on polariza-
tion basis [1]. Since H-photons pass through the PBS
and V-photons are reflected by the PBS, the polariza-
tion state of the photon pairs output from the PBS is
represented as |1H〉1|1V 〉2 for optical modes 1 and 2 in
Fig.1.
On the other hand, the V-component of the pump laser
is reflected by the PBS, as shown in Fig.1(b), and round
trip in the counterclockwise direction. Through a similar
process to multiple type-0 SPDCs and unitary transfor-
mations, the polarization state of the output from the
PBS becomes eiθ|1V 〉1|1H〉2, where θ is the relative phase
between photon pairs generated from the clockwise and
counterclockwise directions originally determined by the
relative phase between the H- and V-components of the
pump laser.
When the H- and V-components of the pump laser
are balanced, the outputs of photons generated from the
clockwise and counterclockwise directions are also bal-
anced. The photon pairs generated from the clockwise
and counterclockwise directions are superposed on out-
put modes 1 and 2 with the same amplitudes. Upon
normalization, the output state can be represented as
|ΨOUT〉 = 1√
2
(|1H〉1|1V 〉2 + eiθ|1V 〉1|1H〉2). (4)
Since θ is determined by the relative phase between the
H- and V-components of the pump laser, θ can be set
to an arbitrary value by simply preparing appropriate
polarization optics for the laser. When the pump laser
is prepared with a 45o linear polarization state, the H-
and V-components of the pump laser are balanced and
the relative phase becomes θ = 0. The output state be-
comes one of the Bell states Ψ+ through multiple two-
photon quantum interference. Our scheme makes it pos-
sible to use the largest second-order nonlinear coefficient
of a nonlinear crystal to generate photon pairs with no
need for postselection.
3FIG. 2. (Color online) Overall experimental setup for gener-
ating polarization entangled photons through multiple quan-
tum interference of type-0 parametric down-converted pho-
tons. The polarization state of the pump beam from the laser
diode (LD) is set by the first half-wave plate (HWP) and
quarter-wave plate (QWP) to adjust the relative amplitude
and relative phase of the clockwise and counterclockwise out-
puts. The output photons are pass through lenses, QWPs,
polarizers (POLs), and interference filters (IFs) in modes 1
and 2, and are detected by single-photon counting modules
(SPCM).
EXPERIMENT
Fig.2 shows the overall experimental setup. A 405
nm grating-stabilized single-frequency laser diode (LD)
is coupled to a singlemode fiber. The output laser from
the fiber with a power of about 540 µW passes through
an isolator, a half-wave plate (HWP), a quarter-wave
plate (QWP), a 300 mm focus lens, and a short-pass
dichroic mirror (DM), and enters the Sagnac interferom-
eter shown in Fig.1. These polarization optics in the
interferometer operate for the wavelengths of laser (405
nm) and that of the down-converted photons (810nm).
The crystal is mounted on a temperature controller and
stabilized to a temperature of 27.7±0.1 oC. Owing to the
setup and the self compensation property of the Sagnac
interferometer for path-length drifting, the setup retains
almost the same phase-stable condition and the same in-
terference visibility over several days of measurements.
The poling period of the ppKTP crystal is 3.425 µm
which is designed for collinear type-0 SPDC with 405
nm laser pumping and the crystal has an antireflection
coating for both wavelengths. The ppKTP crystal in the
interferometer is 10 mm long (crystallographic x axis),
10 mm wide (y axis), and 1 mm thick (z axis).
The output photons for the two directions are col-
lected with 300 mm focus lenses, then passed through
QWPs, polarizers (POLs), interference filters (IFs) with
a 810 nm center and 3 nm band width, and coupled to
multimode fibers for detection. After detecting the pho-
tons with single-photon counting modules (SPCMs) con-
structed from Si avalanche photodiodes, the polarization
states of the photon pairs are analyzed with a coincidence
detector consisting of a multichannel analyzer and a time-
to-amplitude converter with a coincidence window about
2.3 ns. We remove accidental coincidence counts from
the raw data and show pure coincidences in the following
data.
RESULTS
Figs.3(a) and (b) show the coincidence counts for gen-
erated photon pairs set in the Ψ+ state under a linear
polarization basis as a function of the mode 1 POL angle
when the mode 2 POL is fixed at 0o and 45o respec-
tively. We remove the QWPs in modes 1 and 2 for the
measurement. The solid curves are best sinusoidal fits
to the corresponding data. The visibility of the fringe is
defined by (Cmax −Cmin)/(Cmax +Cmin), where Cmax is
the maximum coincidence count and Cmin is the mini-
mum coincidence count. The visibilities estimated from
the sinusoidal fits in Figs.3(a) and (b) are 0.98 ± 0.02
and 0.83 ± 0.02 respectively. Fig.3(c) shows the coinci-
dence count for the same state under a circular polariza-
tion basis as a function of the mode 1 POL angle when
the mode 2 POL angle is fixed at 45o and the angles of
both QWPs are set at 0o. The estimated visibility is
0.80 ± 0.02. These reasonable visibilities are clear evi-
dence of nonclassical quantum interference given by the
polarization entangled state. These visibilities are cur-
rently limited, mainly because we use multimode fibers
to collect the generated entangled photons since the tilt-
ing of HWP1 affects for the overlapping of spatial modes.
The birefringence effect of ppKTP crystal also affects the
mode mismatch between the photons from first and sec-
ond SPDC. It will be possible to improve the visibilities
by using single spatial mode filters and additional com-
pensation crystals in the future.
As a nonlocality test of the entanglement, we mea-
sure the S parameter in the Clauser-Horne-Shimony-Holt
form of Bell’s inequality [27]. Following the method de-
scribed in [17, 23], we obtain S = 2.59 ± 0.05, which
corresponds to the violation of the classical limit of 2 by
more than 17 standard deviations.
We also measure the photon pairs by reconstruction
of the complete density matrix by means of quantum
state tomography, which requires coincidence measure-
ments for 16 combinations of polarization bases[28]. The
experimentally reconstructed real and imaginary parts of
the two-photon polarization density matrix ρE are shown
in Fig.3(d). The fidelity of the experimentally recon-
structed density matrix to an ideal entangled state Ψ+
is given by F = 〈Ψ+|ρE|Ψ+〉. We estimate the fidelity as
0.873± 0.003 which is sufficiently high to show that the
generated photon pairs are in the Ψ+ state.
Fig.4(a) shows the single counts (open circles) and co-
incidence counts (solid circles) of type-0 down-converted
photons directly obtained from the same ppKTP crystal.
4FIG. 3. (Color online) Plot of coincidence counts under linear
polarization basis when mode 2 POL is fixed at (a) 0o and
(b) 45o and (c) circular polarization basis. Solid lines are best
sinusoidal fits to data. (d) Reconstructed two-photon density
matrix with real and imaginary parts obtained by quantum
state tomography.
From the data, the photon-pair production rate directly
from the crystal is Npair = 5.86 ± 0.05 × 107Hz/mW,
which is reasonable compared with the rate under the ac-
tual round-trip configuration shown in Fig.2 of 540 µW
pump power with Npair ∼ 1.3× 107 Hz/mW. The actual
photon-pair output rate estimated from the photon cou-
pling efficiencies is Nout ∼ 3.6×107 Hz/mW. These num-
bers are also comparable to the photon-pair production
rate for a similar high-brightness degenerate entangled
source of Npair ∼ 3.9× 107 Hz/mW [25]. We expect that
it will be possible to improve these rates and efficiencies
using waveguide structures and single-mode fiber settings
in future experiments.
Fig.4(b) shows the coincidence counts of the measured
photon pairs generated through an optical setup that cor-
responds to the clockwise process as a function of the
tilting angle of HWP1 shown in Fig.1(a). By tilting the
angle of HWP1, the dispersion effect between the pump
laser and the down-conversion changes φ in Eq. (2). For
the measurement of coincidences given by photon pairs
with the state |1H〉1|1V 〉2, the polarization state of the
pump laser is set to horizontal. We remove the QWPs
and POLs in modes 1 and 2 for the measurement. The
coincidence clearly depends on the tilting angle and veri-
fies the operation in the clockwise direction described by
Eq. (2).
FIG. 4. (a) Plot of single and coincidence counts of type-0
down-converted photons directly obtained from the ppKTP
crystal as a function of input pump power with filters of 3
nm band width. (b) Plot of coincidence counts correspond-
ing to measured photon pairs produced by the clockwise pro-
cess for different dispersion effects depending on the angle of
the HWP1. (c) Plot of polarization correlation to show the
switching of Bell states between Ψ+ and Ψ− depending on
the angle of the QWP for the laser.
We also carry out a measurement to show the flexibil-
ity of our scheme in terms of its ability to prepare all four
Bell states. Fig.4(c) shows the measured polarization
correlation as a function of the QWP angle for each
laser polarization setting. The polarization correlation
is defined by (CDD − CDA)/(CDD + CDA), where CDD
(CDA) is the coincidence count when the POL in mode
1 is set at 45o, and the POL in mode 2 is set at 45o
(-45o). We remove the QWPs in modes 1 and 2 for the
measurement. Owing to the phase correlation, the state
Ψ+ (Ψ−) gives the maximum CDD (CDA) and minimum
CDA (CDD ). The solid curves are best sinusoidal fits to
the corresponding data. Because the setting of the QWP
for the laser adjusts the relative phase θ in Eq. (4), the
contrast clearly depends on the angle. The results show
5that our setup has the ability to easily switch the Bell
state between Ψ+ and Ψ−. An additional HWP in an
output mode can be used to convert photon pairs from
states Ψ+ and Ψ− into the other two Bell states Φ+ and
Φ−, respectively [17].
DISCUSSION
We compare the spectral characteristics and photon-
pair generation efficiency between type-0 and type-II
SPDC. For collinear propagation along the crystallo-
graphic x axis, KTP has three nonzero second-order ten-
sor coefficients dijk[29]. The nonlinear coefficient of KTP
for the type-II process is dyyz ∼ 3.9 pm/V. The largest
nonlinear coefficient of KTP of dzzz ∼ 18.5 pm/V is asso-
ciated with the type-0 process, which is about 4.7 times
larger than that for the type-II process[24]. Since photon-
pair generation efficiency is given by the square of the
second-order tensor coefficients, we expect that the fac-
tor for type-0 SPDC is (dzzz/dyyz)
2 ∼ 22.5 times larger
than that for type-II SPDC.
Steinlechner et al. reported that the count rate of po-
larization entangled photon pairs for nondegenerate type-
0 SPDC is about 10 times higher than that for degen-
erate type-II SPDC per unit bandwidth and per unit
pump power. The total photon-pair production rate per
unit pump power is two orders of magnitude higher ow-
ing to the large bandwidth of type-0 SPDC[24]. It is
reasonable to expect a similar or higher production rate
when both type-0 SPDC and type-II SPDC are degener-
ate. Recently, a source of entangled photons with such
a large bandwidth has attracted considerable attention
for use in quantum optical coherence tomography[30]. A
large bandwidth of correlated photon pairs gives a very
short coincidence timing owing to the relation used in the
Fourier transformation. This property also has several
potential applications such as achieving ultrashort tem-
poral correlations through nonlinear interactions with
the flux of entangled photons[31], metrology methods
using the very narrow dip in HOM interference[32],
quantum clock synchronization[33], time-frequency en-
tanglement measurement[34], and multimode frequency
entanglement[35].
Owing to the simplicity of our scheme, it is possible to
further improve the efficiency of polarization entangled
photons by pulse laser pumping and the fabrication of
waveguide structures on nonlinear crystals[36, 37]. Com-
pensation crystals are essential because the walk off ef-
fects in the crystals when we use pulse laser pumping.
It is also possible to generate photons in the telecom-
band wavelength region by selecting the poling period
of the ppKTP crystal[38]. The method of using multi-
ple quantum interference is useful not only for generat-
ing postselection-free polarization entangled photons but
also for the further amplification of entangled photons
through the stimulated emission of SPDC[39].
SUMMARY
We experimentally demonstrated the generation
of high-performance polarization entangled photons
through multiple reverse processes of HOM interference.
The quantum interferometric scheme allows not only
the use of the largest second-order nonlinear coefficient
for the generation of polarization entangled photons
in the process of parametric down-conversion, but also
the separation of degenerate photon pairs into different
optical modes with no requirement of postselective
detection. Through experiments, we showed that the
multiple quantum interference effect is interesting not
only from the view point of fundamental quantum
optics but also as a method for generating high-quality
polarization entangled photons for novel quantum
information technologies.
METHODS
To estimate the photon-pair production rate with our
source, we directly measure the pump power dependence
of the single and coincidence counts for type-0 down-
converted photons using the same ppKTP crystal. The
focus and collimation conditions are similar to those in
the setup in Fig.2 using same lenses. The down-converted
photons are split into two optical modes using a 50%-50%
nonpolarizing beam splitter (BS) and detected under the
same DM and IF with 810 nm center and 3 nm band
width. The photon-pair production rate is defined as
Npair =
N1 ×N2
NC
, (5)
where N1 (N2) is the single count rate per unit input
power in mode 1 (2) and NC is the coincidence count rate
per unit input power [40]. The slopes of the plotted data
in Fig.4(a) give N1 = 3.129± 0.014× 105 Hz/mW, N2 =
1.698±0.009×105 Hz/mW, and NC = 9.065±0.054×102
Hz/mW. Therefore the rate of direct photon-pair produc-
tion from the crystal is Npair = 5.86±0.05×107 Hz/mW.
The actual photon-pair output rate estimated from the
photon coupling efficiencies is given by
Nout =
NC
η1 × η2 , (6)
6where η1 (η2) is the total coupling efficiency deter-
mined by the photon transmission and detection effi-
ciency. Since the FWHM bandwidth of type-0 SPDC
under the degenerate condition is ∼ 30 nm, the photon
transmission efficiency through a 3nm bandwidth IF is
typically ηIF ∼ 0.1. The transmission efficiency through
a BS is typically ηBS ∼ 0.5. The coupling efficiency de-
termined by unavoidable optical and detection losses is
typically ηD ∼ 0.1. Therefore the total coupling efficiency
is η1,2 = ηIF × ηBS × ηD ∼ 0.005. Therefore the actual
photon-pair output rate estimated from the photon cou-
pling efficiencies is Nout ∼ 3.6× 107Hz/mW.
[1] Hong, C. K., Ou, Z. Y. & Mandel, L. Measurement of
subpicosecond time intervals between two photons by in-
terference. Phys. Rev. Lett. 59, 2044-2046 (1987).
[2] Kim, H., Lee, S. M. & Moon, H. S. Generalized quantum
interference of correlated photon pairs. Sci. Rep. 5, 9931
(2015).
[3] Beugnon, J. et al. Quantum interference between two
single photons emitted by independently trapped atoms.
Nature 440, 779-782 (2006).
[4] Sanaka, K., Pawlis, A., Ladd, T. D., Lischka, K. & Ya-
mamoto, Y. Indistinguishable photons from independent
semiconductor nanostructures. Phys. Rev. Lett. 103,
053601 (2009).
[5] Flagg, E. B. et al. Interference of single photons from two
separate semiconductor quantum dots. Phys. Rev. Lett.
104, 137401 (2010).
[6] Lettow, R. et al. Quantum interference of tunably in-
distinguishable photons from remote organic molecules.
Phys. Rev. Lett. 104, 123605 (2010).
[7] Patel, R. B. et al. Two-photon interference of the emis-
sion from electrically tunable remote quantum dots. Na-
ture Photonics. 4, 632-635 (2010).
[8] Sipahigil, A. et al. Quantum interference of single pho-
tons from remote nitrogen-vacancy centers in diamond.
Phys. Rev. Lett. 108, 143601 (2012).
[9] Ekert, A. K. Quantum cryptography based on Bell’s the-
orem. Phys. Rev. Lett. 67, 661-663 (1991).
[10] Mattle, K., Weinfurter, H., Kwiat, P. G. & Zeilinger, A.
dense coding in experimental quantum communication.
Phys. Rev. Lett. 76, 4656-4659 (1996).
[11] Pan, J.-W., Bouwmeester, D., Weinfurter, H. & Zeilinger,
A. experimental entanglement swapping: entangling pho-
tons that never interacted. Phys. Rev. Lett. 80, 3891-3894
(1998).
[12] Bouwmeester, D. et al. Experimental quantum telepor-
tation. Nature 390, 575-579 (1997).
[13] Chuang, I. L. & Yamamoto, Y. Simple quantum com-
puter. Phys. Rev. A 52, 3489-3496 (1995).
[14] Knill, E., Laflamme, R. & Milburn, G. J. A scheme for
efficient quantum computation with linear optics. Nature
409, 46-52 (2001).
[15] Turchette, Q. A., Hood, C. J., Lange, W., Mabuchi H.
& Kimble, H. J. Measurement of conditional phase shifts
for quantum logic. Phys. Rev. Lett. 75, 4710-4713 (1995).
[16] Sanaka, K., Jennewein, T., Pan, J-W., Resch, K. &
Zeilinger, A. Experimental nonlinear sign-shift for lin-
ear optics quantum computation. Phys. Rev. Lett. 92,
017902 (2004).
[17] Kwiat, P. G. et al. New high-intensity source of
polarization-entangled photon pairs. Phys. Rev. Lett. 75,
4337-4341 (1995).
[18] Kwiat, P. G., Waks, E., White, A. G., Appelbaum, I.
& Eberhard, P. H. Ultrabright source of polarization-
entangled photons. Phys. Rev. A 60, R773-R776 (1999).
[19] Armstrong, D. J., Alford, W. J., Raymond, T. D. &
Smith, A. V. Absolute measurement of the effective non-
linearities of KTP and BBO crystals by optical paramet-
ric amplification. Appl. Opt. 35, 2032-2040 (1996).
[20] Fiorentino, M., Messin, G., Kuklewicz, C. E., Wong, F.
N. C. & Shapiro, J. H. Generation of ultrabright tunable
polarization entanglement without spatial, spectral, or
temporal constraints. Phys. Rev. A 69, R041801 (2004).
[21] Sanaka, K., Kawahara, K. & Kuga, T. New high-
efficiency source of photon pairs for engineering quantum
entanglement. Phys. Rev. Lett. 86, 5620-5623 (2001).
[22] Shi, B.-S. & Tomita, A. Generation of a pulsed polariza-
tion entangled photon pair using a Sagnac interferometer.
Phys. Rev. A 69, 013803 (2004).
[23] Kim, T., Fiorentino, M. & Wong, F. N. C. Phase-stable
source of polarization-entangled photons using a polar-
ization Sagnac interferometer. Phys. Rev. A 73, 012316
(2006).
[24] Steinlechner, F. et al. Efficient heralding of polarization-
entangled photons from type-0 and type-II sponta-
neous parametric downconversion in periodically poled
KTiOPO4. J. Opt. Soc. Am. B 31, 2068 (2014).
[25] Jabir, M. V. & Samanta, G. K. Robust, high brightness,
degenerate entangled photon source at room tempera-
ture. Sci. Rep. 7, 12613 (2017).
[26] Steinlechner, F. et al. Phase-stable source of polarization-
entangled photons in a linear double-pass configuration.
Opt. Express 21, 11943-11951 (2013).
[27] Clauser, J. F., Horne, M. A., Shimony, A. & Holt, R. A.
proposed experiment to test local hidden-variable theo-
ries. Phys. Rev. Lett. 23, 880-884 (1969).
[28] Altepeter, J. B., Jeffrey, E. R. & Kwiat, P. G. Photonic
state tomography. Adv. At. Mol. Opt. Phys. 52, 105-159
(2005).
[29] Pack, M. V., Armstrong, D. J. & Smith, A. V. Mea-
surement of the χ(2) tensors of KTiOPO4, KTiOAsO4,
RbTiOPO4, and RbTiOAsO4 crystals. Appl. Opt. 43,
3319-3323 (2004).
[30] Okano, M. et al. 0.54 µm resolution two-photon inter-
ference with dispersion cancellation for quantum optical
coherence tomography. Sci. Rep. 5, 18042 (2015).
[31] Dayan, B., Pe’er, A., Friesem, A. A. & Silberberg, Y.
Nonlinear interactions with an ultrahigh flux of broad-
band entangled photons. Phys. Rev. Lett. 94, 043602
(2005).
[32] Nasr, M. B. et al. Ultrabroadband biphotons gener-
ated via chirped quasi-phase-matched optical parametric
down-conversion. Phys. Rev. Lett. 100, 183601 (2008).
[33] Giovannetti, V., Lloyd, S., Maccone, L. & Wong, F. N. C.
Clock synchronization with dispersion cancellation. Phys.
Rev. Lett. 87, 117902 (2001).
[34] Hofmann, H. F. & Ren, C. Direct observation of temporal
7coherence by weak projective measurements of photon
arrival time. Phys. Rev. A 87, 062109 (2013).
[35] Mikhailova, Y. M., Volkov, P. A. & Fedorov, M. V.
Biphoton wave packets in parametric down-conversion:
Spectral and temporal structure and degree of entangle-
ment. Phys. Rev. A 78, 062327 (2008).
[36] Fiorentino, M. et al. Spontaneous parametric down-
conversion in periodically poled KTP waveguides and
bulk crystals. Opt. Express 15, 7479-7488 (2007).
[37] Levine, Z. H., Fan, F., Chen, J. & Migdall, A. L.
Polarization-entangled photon pairs from a periodically
poled crystalline waveguide. Opt. Express 19, 6724-6740
(2011)
[38] Jin, R.-B. et al. Pulsed Sagnac polarization-entangled
photon source with a PPKTP crystal at telecom wave-
length. Opt. Express 22, 11498-11507 (2014).
[39] Lamas-Linares, A., Howell, J. C. & Bouwmeester, D.
Stimulated emission of polarization-entangled photons.
Nature 412, 887-890 (2001).
[40] Tanzilli, S. et al. Highly efficient photon-pair source using
periodically poled lithium niobate waveguide. Electron.
Lett. 37, 26-28 (2001).
